This study focused on the bioaccumulation intensities of the ionic liquid (IL) 1-butyl-3-methylimidazolium chloride (bmimCl) by two invertebrates: Mytilus trossulus and Balanus improvisus and the green alga Chlorella vulgaris. The bioconcentration of bmimCl by two invertebrates was tested in the contaminated water, both with and without the presence of green algae previously exposed to the bmimCl. The experimentally obtained bioconcentration factors (BCFs) are quite low and do not exceed the value of 10. The presence of contaminated C. vulgaris in the water induces an increase in BCF of barnacles up to 80% in comparison to barnacles exposed only to contaminated water. Detoxication of M. trossulus may be more effective in the presence of higher IL concentrations. BCFs for hard tissues of the mussel indicates an exclusively physical sorption mechanism on the mineral surface.
INTRODUCTION
Room-temperature ionic liquids (RTILs) are organic salts with low melting points (<100°C), typically consisting of nitrogen-containing organic cations such as 1-alkyl-3-methylimidazolium or Nalkylpyridinium, and inorganic or organic anions, commonly containing fluorine, like: BF4ˉ, PF6ˉ, CF3COOˉ, SbF6ˉ, (CF3SO2)2Nˉ or CF3CO2ˉ. The cation is typically bulky and asymmetrical (two or more alkyl chains of different length) in order to restrain the privileged crystal packing, while the anion is often characterized by a considerable delocalization of the electron cloud, which tends to reduce the interionic interaction between ionic liquid (IL) species. These salts have already been applied in organic synthesis and catalysis, in the separation sciences, as electrolytes in batteries and solar cells, and as alternative lubricants. The current research shows that using RTILs instead of conventional organic solvents can enhance the above processes to a large extent (Wasserscheid, Welton 2008) .
The minimum vapor pressure of RTILs is often uncritically regarded as an intrinsically 'green' property of these chemicals and makes them a superior alternative to noxious vapors of conventional organic solvents. Even though it has already been emphasized that if we are to design realistically modern and safe chemicals, the issues such as toxicity and persistence of RTILs in the environment are equally important (Latała et al. 2005 , Stasiewicz et al. 2008 , Stepnowski 2007 .
A great number of studies have been carried out on the toxic effects of ionic liquids evaluated on the basis of toxicological test systems at different levels of biological complexity. These reports involve enzyme inhibition procedures, cell line tests, bacterial and eukaryotic cell line tests, various plants and animals. Nevertheless, all these studies deal with a single species and, with few exceptions, do not consider environmental conditions or interspecific relations to draw a more realistic picture of the ILs effects on the environment. With the exception of the recent paper by Matzke et al. (2009) that describes the relation between a soil type and its IL level with bioavailability and the effect on the growth of wheat exposed to ILs, there is hardly any information on the bioaccumulation of these chemicals in the present-day literature.
Therefore, in this study we decided to take a closer look at the bioaccumulation of IL on two different trophic levels of the marine environment. For this purpose, we chose 1-butyl-3-methylimidazolium chloride (bmimCl) − a very popular ionic liquid with high industrial potential and multiple applications. The biological experimental setup was nearly identical with the one used in our previous research with the aforementioned species exposed to ionic liquids (Latała et al. 2005 (Latała et al. , 2009a .
The first level in our simple trophic model was represented by a primary producer characteristic of freshwater and brackish environments, i.e. the widespread planktonic green alga Chlorella vulgaris. The second level was represented by suspension feeders and consumers of C. vulgaris, i.e. the mussel Mytilus trossulus and the barnacle Balanus improvisus. Both species are common in marine environments.
The experiments were aimed to examine relations between the following parameters:
• Concentration -bioaccumulation intensity,
• Time of exposure -bioaccumulation intensity, • Source -bioaccumulation intensity. In the case of Mytilus trossulus, also the bioaccumulation rate for the mineral parts of this species was determined.
MATERIALS AND METHODS

Chemicals
The 1-butyl-3-methylimidazolium chloride (bmimCl) was obtained from Merck (Darmstadt, Germany). HPLC gradient grade acetonitrile and methanol were obtained from Lab-Scan (Dublin, Ireland) and spectrophotometric grade trifluoroacetic acid (TFA) from Sigma Aldrich (St. Louis, MO, USA). All other chemicals were of analytical reagent grade. Ammonium chloride was purchased from PPH (Lublin, Poland) and ortho-phosphoric acid was obtained from POCh (Gliwice, Poland).
Bioaccumulation
Chlorella vulgaris (BA-02) was isolated from coastal waters of the Baltic Sea and maintained as unialgal cultures in the Culture Collection of Baltic Algae (CCBA) http://ccba.ug.edu.pl at the Institute of Oceanography of the University of Gdańsk (Latała 2003 , Latała et al. 2006 . The test algae were batchcultured in f/2 medium (Guillard 1975 ) prepared in distilled water. The culture salinity of 8 PSU was similar to that in the southern Baltic Sea, the original environment of the test organisms. The salinity was made up using TropicMarin  sea salt (Tropic Marin, Wartenberg, Germany). The number of algal cells per ml was measured as optical density of the cultures at 750 nm wavelength.
The stock cultures of test organisms were acclimatized for 10 days at 20°C and illuminated with 25 μmol photons m -2 s -1 from daylight type fluorescent lamps (L:D photoperiod 16:8). The irradiance was measured with a LiCor (LI-189) quantum meter (LiCor, Lincoln, Neb., USA). Next, stock solution of bmimCl was added to obtain the final batch concentration at the level of 1 mM. This is within the concentration range that was previously found (Latała et al. 2009a ) to correspond to a EC50 value for Chlorella vulgaris exposed to bmimCl. After three days of exposure, the algal suspension was either used in further experiments (the effect of contaminated food on bioaccumulation of IL by B. improvisus and M. trossulus) or was filtered under reduced pressure on glass fiber Whatman GF/C filters. The obtained filters with suspension were weighted, determined for dry mass and further homogenized, extracted and analyzed for bmimCl.
The specimens of Balanus improvisus and Mytilus trossulus were collected from the Gulf of Gdansk in the Southern Baltic Sea during the cruise of r/v "Oceanograf-2" in 2007. Both invertebrates were batch-cultured (separately) in f/2 medium prepared in distilled water. The culture salinity of 8 PSU was made up using TropicMarin  sea salt (Tropic Marin, Wartenberg, Germany). Organisms were fed with Chlorella vulgaris maintained before as unialgal culture in the Culture Collection of Baltic Algae (CCBA). In order to discriminate the role of potentially contaminated food in the IL accumulation process, optionally we have also used algae previously exposed to bmimCl to feed both invertebrates. Exposure of Balanus improvisus (each experiment used 20 organisms) and Mytilus trossulus (each experiment used 5 organisms) were proceeded by 48 or 72 h in an aquarium of 2 dm 3 volume filled with f/2 medium spiked with stock solution of bmimCl to obtain final batch concentrations at 1, 10 and 100 mM. In the experiments with the presence of green algae, also invertebrates were tested for 48 or 72 h in the final concentrations of bmimCl at 1 mM, and the density of algal cells in an aquarium was about 30 000 ml -1 . Depending on the experiment, after 48 or 72 hours of exposure, the tested organisms were removed, dried, weighed and, in the case of mollusks, further dissected to soft tissue and mineral parts. Next, the material was dried in 50°C for 24 h, homogenized, extracted and analyzed for bmimCl.
Analytics
All biological samples underwent the same analytical procedure consisting of extraction according to the method presented by Nichthauser et al. (2009) and final chromatographic analysis according to methods presented by , . Additionally, preconcentration according to was applied. The obtained samples of algal or invertebrate homogenates (1 g dry mass each) were extracted with 10 ml of 0.1 M H3PO4 at 60°C for 1.5 h in a sonication bath (Polsonic, Warsaw, Poland). The extracts were preconcentrated. The obtained extracts were transferred to SPE strong cation exchanger cartridges (Discovery DSC-SCX) purchased from Supelco (Bellefonte, USA). Prior to use, the cartridges were conditioned with 5 ml of methanol followed by 5 ml of deionized water, then 6 ml of 0.1% H3PO4 and stabilized with 5 ml of deionized water. After sample loading, cartridges were rinsed with 0.1% H3PO4 and then with 5 ml of methanol in order to elute all the by-product neutral and acidic impurities. The final bmimCl concentrate was eluted with 4 ml of 50% methanol solution in saturated ammonium chloride adjusted with H3PO4 to pH ~3.
The analyses were carried out in the HPLC system (Perkin Elmer Series 200) consisting of the chromatographic Interface (Link 600), a binary pump, UV/VIS detector, vacuum degasser and Rheodyne injection valve. IL separation was performed on a Gemini C6-Phenyl RP (150 × 4.6 mm, 5 μm) column (Phenomenex); the mobile phase -acetonitrile (5-15%) in 0.1% TFA). The analyses were conducted in isocratic and gradient modes at ambient temperature at a flow rate of 0.8 ml min -1 .
The separation columns were equilibrated with the mobile phase until the baseline stabilization, at which point the sample injections (10 μl) were made. The elution profiles were monitored at λ = 218 nm (the optimum for UV absorption by ionic liquids). All chromatographic analyses were carried out in three replicates. With this method, the LOD value was estimated at 0.17 ppb, LOQ − at 0.34 and repeatability (expressed as RSD) at 0.52%. The bioconcentration factor (BCF) was calculated as the ratio of bmimCl concentration in an organism and the concentration in water.
RESULTS AND DISCUSSION
First accumulation of bmimCl by cells of C. vulgaris was studied. Already after 1 h of exposure to a 1 mM solution of IL, its concentration in algal cells increased to 4.75 mM (BCF =4.7). After 72 h of exposure, it further increased to 6.5 mM (BCF = 6.5). Although the bioconcentration factor was not very high, it exceeded the effective concentration of bmimCl (EC50) registered for this species about 6 times (Latała et al. 2009 ). The preliminary nature of this experiment does not allow to judge how much IL is adsorbed on the cell wall and how much penetrates into the algal cytoplasm. But if we consider the generally accepted mode of interaction between positively charged quaternary entities and negatively charged cell walls, we can assume that most of the IL will be effectively adsorbed on the cell wall. This was indeed demonstrated in a study of IL accumulation in Escherichia coli, where most of the IL was found to be bound to the cell wall (Cornmell et al. 2008) .
Barnacles B. improvisus are widely distributed in the Baltic Sea (Olszewska 1999) . They are also frequently used as bioindicators for the assessment of the marine environment (Rainbow et al. 2004) . Table 1 lists the experimental data for the bioconcentration of bmimCl by B. improvisus and also the IL concentrations in water. The differences between the nominal and measured concentrations of bmimCl do not exceed standard deviation of the measurement. As it appears from the table, barnacles effectively accumulated bmimCl already after 48 h of the experiment. As this process is concentrationdependent, the level of accumulated compounds rises with the increase in bmimCl concentration in water (3.2, 45.6 and 445.3 mM in a barnacle for 1, 10 and 100 mM in water respectively). BCF calculated for the lowest concentration used was 3.3, whereas in the case of barnacles exposed to concentrations one and two orders of magnitude higher, BCF was at the same level (4.5 -4.6). A similar trend was observed when organisms were exposed for 72 h; BCF for 1 mM bmimCl in water was 5.3, but for 10 and 100 mM -from 7.1 to 7.3. This indicates that in the aquatic environment, B. improvisus accumulates bmimCl progressively up to 10 mM IL. Above this concentration, the saturation level is reached and no further progression is observed.
The next set of experiments aimed at assessing the influence of the food present (C. vulgaris) during the exposure of barnacles to IL. In this experiment, we also used C. vulgaris previously exposed to bmimCl to check whether the contaminated food contributed to the bioconcentration process (for results -see Table 2 ). The presence of food generally enhances the bmimCl bioaccumulation by B. improvisus. The presence of C. vulgaris in water causes ca 10% increase in BCF compared to barnacles exposed to contaminated water only, regardless of the exposure time. It is also evident that when contaminated cells of C. vulgaris are used, BCF rises to 4.8 and 6.7 after 48 and 72 h of exposure, respectively. It thus appears that dietary intake of ILs may additionally influence their bioconcentration.
Mytilus sp. are frequently used as bioindicators of contamination in coastal seawaters, mainly because of their very effective accumulation of many chemical pollutants (Geyer et al. 1982 , Baumard et al. 1999 , Rainbow et al. 2004 . Table 3 lists the experimental data regarding the bioconcentration of bmimCl by M. trossulus. Already after 48 h of the experiment, the mussels effectively accumulate bmimCl. As in the case of B. improvisus, this process is concentration-dependent, so the level of accumulated compounds increases with its rising concentration in water (2.9, 46.8 and 363.4 mM in mussels for 1, 10 and 100 mM in water respectively). BCF calculated for the lowest concentration used was 2.9, whereas in the case of mussels exposed to 10 mM, BCF increased to 4.8. It is interesting that with the 100 mM solution of bmimCl, BCF is reduced to 3.7. The trend was similar when the organisms were exposed for 72 h; BCF for 1 mM of bmimCl in water was 3.6, for 10 mM − 5.3, while for 100 mM, it dropped to 4.2. Most probably, a progressive poisoning mechanism was induced, similar to that in B. improvisus, but the saturation threshold is not constant. This may, in turn, be caused by more effective detoxication (the increased filtration rate) when organisms are exposed to much higher IL concentrations.
As in the experiments with barnacles, the presence of contaminated and uncontaminated food (C. vulgaris) was tested during the exposure of the mussel to bmimCl (results -see Table 4 ). A 48 h exposure in the presence of uncontaminated C. vulgaris did not enhance the bmimCl accumulation, but after 72 h exposure, the bioaccumulation factor slightly increase . However, when contaminated algae were present, regardless of the exposure time, BCF significantly increased − to 3.8 and 4.8 after 48 and 72 h of exposure, respectively. It is therefore likely that M. trossulus intoxication through dietary intake will further contribute to bioconcentration of ionic liquids, as it is in the case of barnacles.
Finally, we assessed the accumulation of bmimCl by the hard tissues of M. trossulus (results -see Table  5 ). There were almost no differences between BCF Table 2 Bioaccumulation of bmimCl by Balanus improvisus cultured in the absence of Chlorella vulgaris (A), in the presence of C. vulgaris (B) and in the presence of C. vulgaris previously exposed to bmimCl (C). Table 3 Bioaccumulation of bmimCl by Mytilus trossulus. values obtained in the experiments with different concentrations. Since physicochemical sorption is the most probable mechanism in this case, the results reflect the concentration-dependent mechanism of IL retention, typical of mineral surfaces (Mrozik et al. 2008) . The bioconcentration factors obtained in this study are quite low for all the organisms studied. In no case does BCF exceed 10, a value that is three or even four orders of magnitude lower than that recorded in Mytilus sp. for persistent organic pollutants such as PCBs or PAHs (Geyer et al. 1982 , Baumard et al. 1999 . This is understandable, given the very low partition coefficient of bmimCl (-1.44), which is due to its purely ionic character (Stepnowski, Storoniak 2005) . However, the results obtained in this study should also be interpreted in terms of the relatively high ILs toxicity to marine organisms. EC50 of 1-butyl-3-methylimidazolium ionic liquid in the mussel Physa acuta was calculated to be 1.31 mM (Bernot et al. 2005) , whereas EC50 of bmimCl in various algae (Chlorella vulgaris, Oocystis submarina, Cyclotella meneghiniana, Skeletonema marinoi, Bacillaria paxillifer, Geitlerinema amphibium) was found to range from 0.003 to 1.02 mM (Latała et al. 2009a, b) . The calculated BCFs are therefore likely to be several times higher than the effective concentrations for typical primary producers and their consumers in the marine trophic chain.
CONCLUSIONS
To date, studies of the toxicology of ionic liquids (ILs) have dealt with simple dose-response relationships recorded for a single species or cell cultures. They have not considered environmental conditions or interspecific relations in order to draw a more realistic picture of the effects caused by RTILs in the environment. In this study, we focused on the bioaccumulation intensities of bmimCl by three aquatic species: the green alga Chlorella vulgaris, the mussel Mytilus trossulus and the barnacle Balanus improvisus; the first-named species being a food item for the latter two. The bioconcentration factor gives an indication of the probability that aquatic organisms will accumulate chemicals from the environment (Meylan et al. 1999) . BCF of bmimCl in algae is equal to 6.5, which exceeds EC50 by ca 6 times. In the case of the barnacle, the level of compounds accumulated during bioconcentration increases with the increasing concentration in the water. The results also indicate that this species accumulates bmimCl progressively up to 10 mM and above this concentration there is no further accumulation. This result seems very interesting since it may indicate a natural mechanism (or a sequence of them) enabling barnacles for effective clearance from accumulated chemicals at higher exposure concentrations. Further study in this matter is neede however to justify this assumption. Additionaly it was found that the presence of contaminated C. vulgaris in the water causes BCF of barnacles to increase up to 80% in comparison to barnacles exposed only to contaminated water.
In the case of M. trossulus, the mode of bioaccumulation is similar to the one observed in B. improvisus. In the presence of higher IL concentrations, however, detoxication may be more effective. BCFs increased significantly when contaminated algae were present in the water, regardless of the exposure time. BCFs for hard tissues of the mussel were independent of concentration, which indicates a solely physical sorption mechanism.
To achieve a better understanding of the biomagnification process via trophic relations, further studies should include a large number of trophic levels. The designed experiments should also consider the exposure time so that the toxicokinetics of ILs in marine organisms can be explored in detail. Table 5 Accumulation of bmimCl in hard tissues of Mytilus trossulus. 
